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ABSTRACT 

We have considered the diphoton production in the unparticle physics at the LHC. 
The contributions of spin-0 and spin-2 unparticles to the di-photon production are stud- 
ied in the invariant mass and other kinematical distributions, along with their depen- 
dencies on the model dependent parameters. It is found that the signal corresponding 
to the unparticles is significant for moderate values of the couplings. 
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1 Introduction 



Banks and Zaks [1] studied gauge theories with non-integral number, Np, of Dirac 
fermions, such that the two loop beta function vanishes. At this nontrivial infra-red 
(IR) fixed point, the theory is scale invariant and does not have a particle interpreta- 
tion. Motivated by Banks and Zaks, Georgi [2] proposed the following scheme: Theory 
at very high energy contains the fields of the standard model (SM) and fields of a sector 
called Banks-Zaks BZ sector, with a nontrivial IR fixed point. These two sectors interact 
through exchange of particles with a large mass scale Mk. Below Mu the couplings have 
generic form 

1 



OsmObz , (1) 



where Osm and Ojgz are operators built out of the standard model and the BZ fields 
respectively. Scale invariance in the BZ sector emerges at energy scale Au- In the 
effective theory below Au the interaction of (1) matches onto 

^dBZ-du 

^"~^M^ — OsmOw , (2) 
where du is the scaling dimension of unparticle operator Oy. Mk should be large enough 
that its coupling to SM be sufficiently weak. Few of the generic operators that can 
describe the interaction of unparticle fields with those of the SM are found to be 

^r;o„, ^^T.vos, ^r,.ojr. (3) 

The dimensionless coupling corresponds to the unparticle operator O^, where k = 
s,v,t refers to the scalar, vector and tensor operators respectively. T^,/ is the energy 
momentum tensor of the SM. These operators are Hermitian and transverse. 
The unparticle propagator [3] is given by 

Ju'.e'-' < o|ros(.)os(o)|o > ^ ,,;:;X.)(_p.f;).-^ . (4) 

where, 5^ depends on the Lorentz structure of the operator Ou as given below: 



Ou 
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The constant A^^ is given by 



Ad, 



167r5/=^ r(d^ + 1/2) 
(27r)2<i^ r(ciz, - l)r{2du) 



(5) 



where 1 < < 2. 

If Ak is of order TeV, unparticle dynamics can be seen at the Large Hadron CoUider 
(LHC) through various high energy scattering processes and hence the phenomenology 
with it will be interesting. Several detailed studies on the phenomenology of unparticle 
physics have been reported in the recent past exploring the possibility of explaining the 
known experimental results and also constraining the parameters of the model. Super- 
symmetric scenarios were taken up in [4] and effects on cosmology and astrophysics have 
been considered in [5]. For studies in flavor physics and CP violations, see [6]. In the 
context of neutrino physics, the unparticle physics has been studied by authors of [7]. 
Study of [8] showed that unparticles can be represented as an infinite tower of massive 
particles with controllable mass-squared spacing A^, and that pure unparticles cannot 
decay, while for small A the decay is possible. In [9], lowest order ungravity correc- 
tion to the Newtonian gravitational potential has been computed and it is found that 
1 < d(7 < 2 leads to modification of the inverse square law with r dependence in the 
range and and also explored on how to discriminate extra dimension models 
and ungravity models in sub milli-meter tests of gravity. It was found in [10] that the 
unparticles can modify the coupling between Higgs and a pair of gluons/photons and its 
effects can be observed in di-photon productions through Higgs decay processes at the 
LHC. Unparticle contributions to mono-jet, and di-photon production at e'^e~ colliders 
are now known [11]. 

Drcll-Yan production at hadron collider via unparticles has been reported in [12], 
where we had restricted ourselves to scalar and tensor unparticles to find out the plausible 
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region of the parameter space to see their effect. We had also incorporated next to leading 
order QCD effects to stabilise our results against both higher order corrections and scale 
variations. We list in [13] most of the articles in the context of unparticle physics. In this 
paper, we have studied the impact of unparticle fields on one of the important processes, 
namely di-photon production. 

2 The Diphoton production 

The production of di-photon system is one of the important processes at the hadron 
colliders and has been used to do precision study of the Standard Model (SM). Also it 
provides a laboratory for probing new physics. In the SM, this process has been studied 
in great detail including higher order QCD [14] effects. The soft gluon effects through 
threshold resummation have also been incorporated (sec [15]). In the context of physics 
beyond the SM, this process has played an important role in constraining parameters of 
various models. For example, models with large extra dimensions can be probed using 
the di-photon signals [16] (See also [17] for the bounds coming from the Tevatron). In 
this paper, wc study the effect of unparticles on various kinematical distributions of di- 
photon system produced at hadron colliders. At hadron colliders, the di-photon system 
can be produced through 



where Pj are the incoming hadrons with momenta Pi and X is the final inclusive hadronic 
state. The hadronic cross sections can be obtained by convoluting the partonic cross 
sections da"'^ with the the appropriate incoming parton distribution functions f^: 



a,b=q,q,g 

Here, xi and X2 are the momentum fractions of the incoming partons in the hadrons Pi 
and P2 respectively. 



PliPl) + P2ip2) ^ lips) + lipd + Xipx) , 



(6) 
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The unparticle model has spin-0 and spin-2 unparticles. Thus, di-photon can be 
produced through qq annihilation as well as the gg fusion subprocesses with scalar and 
tensor unparticles appearing as propagators (see Eq.(jl])). These partonic sub-processes 
occur at leading order in couplings and A^. At this order spin-1 unparticle does not 
contribute. 

The matrix element squared of the partonic subprocess due to scalar unparticle is 
found to be 



where, Q/ is the electric charge of the parton of flavour /, xu = ^du/i'^ sin((i^7r)) and 
is the number of colors. The variables s, t and u are the standard partonic Mandelstam 
invariants. Notice that only tensor unparticles interfere with the SM subprocess ampli- 
tudes. In the above matrix elements (Eqs. (jHED); we have already done spin and colour 
averages and included the correct symmetry factor coming from the identical nature of 
the final state photons. It may be noted here that the spin-0 and spin-2 unparticles do 
not interfere. 

As was pointed out in [18], the gg —>■ 77 box contribution at order could give 
a sizeable effect at the LHC in comparison to other contributions to this order due 




Similarly, we have for tensor unparticle exchange: 
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to large gluon flux. There are numerous diagrams that contribute to order a^, but 
the authors of [18] have argued that the dominant contribution comes from the box 
diagram. For unparticle searches it is plausible that the interference of the gg unparticle 
contributions with the SM diagrams at order could be sizeable. In the context of large 
extra-dimensional models, these interference contributions enhance the effect at small Q 
regions [16]. For our present analysis we have restricted to only the LO in QCD. 



XuCOS (du/T) 




Figure 1: The function xu cos{TTdu) (left) and (right) showing its variation with the 
scaling dimension du of the unparticle operator. 

Unitarity imposes constraint [19] on the conformal dimension Q of these operators, 
which for scalar unparticle is c?^ > 1. Though this constraint restricts the scalar unparti- 
cle sector, for our numerical analysis we have considered rf^^ > 1 as the general constraint 
for other unparticle operators (say tensor unparticle) as well. Before, we present the ef- 
fects of unparticles on various distributions of di-photon system at the LHC, we discuss 
the coefficients xu cos^dui:) and xli that enter the interference and direct unparticle con- 
tributions respectively. In Fig. ([1]), we have plotted them against the scaling dimension 
du of the unparticle operator, xu is negative when 1 < rf^^ < 2 and singular as du — > 2. 
As du — > 1, Xu approaches a limiting value, here both Xu ^^"^ Xucos{duT^) are positive 
and large and as we go below du = 1.01, the variation is found to be mild. In the plateau 

^ There exist no known examples of scale invariant local field theories that are not conformally 
invariant (Y. Nakayama in [4]). 
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region, where 1.3 < < 1-9, these functions are almost constant and relatively small. 
We avoid the region 1.9 < dy < 2.0 where xu is very rapidly increasing. Hence, in this 
region, the unparticle effects can not be probed. With this information, the value of du 
is chosen in such a way that the unparticle effects can been seen at the LHC energy. 
The couplings of the unparticle operators to the SM fields are given by 



A priori we have no information on any of the parameters in the above equation. For our 
numerical analysis we have taken in the range 0.4 < < 1, so that the unparticle 
effects are treated as perturbation. The other parameter that appears in this model is 
Ku which we choose to be 1 TeV. 

In the following, we will study the effects of scalar and tensor unparticles separately. 
We will analyse these effects only for the LHC with = 14 TeV. A similar analysis for 
the Tevatron can be done with our numerical code that incorporates all the analytical 
results presented in this paper. We have considered four different distributions of the 
photons in the final state to unravel the effects coming from the unparticles. They are 
(a) invariant mass distribution da/dQ, where Q is the invariant mass of the di- photon 
system, (b) angular distribution da /d cos 9*, (c) the rapidity (Y) distributions of the 
di-photon system and (d) rapidity {y^) distributions of the individual photons. We 
have imposed the cuts: rapidity \y'^\ < 2.5, and transverse momentum of the photons 

> 40 GeV [20] for all the distributions that we have reported here in order to make 
our predictions for an environment which is as close as possible to that of the experiment. 
Moreover, for the invariant mass distribution, in order to suppress the SM background 
and also to enhance the signal we have imposed an angular cut on the photons | cos 9^ \ < 
0.8, where 9^ is the angle of the photons in the lab frame. Similarly, for the angular and 
rapidity distributions, to suppress the background, we have considered only those events 
that satisfy the constraint Q > 600 GeV. For all our plots, we have used MRST 2001 
leading order (LO) parton density sets [21]. 




(10) 
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2.1 Invariant mass distribution 

In this section, the invariant mass distribution da jdQ is studied, where = {p^ +^4)^. 
In Figj2]we have plotted this distribution including the effects of scalar (left panel) and 
tensor (right panel) unparticles for Q between 100 < Q < 900 GeV. Here we have chosen 
du = 1.01 and Ak = 1 TeV. With this choice of parameters, we find that the unparticle 
effects can be seen only in the large Q region. In addition, we have presented different 
contributions coming from various sub-processes to the cross section for both spin-0 and 
spin-2 unparticles to see their effects separately. In the spin-0 case, the quark anti-quark 
initiated process dominates over the gluon initiated process due to higher power of scale 
in the later case. On the other hand, we see the opposite behavior for the spin-2 case. 
In the spin-2 case, this behavior can be understood by noticing that the gluon fluxes 
are much larger compared to quark anti-quark fluxes at the LHC energies even though 
the couplings (A^) for both quark anti-quark (pure unparticle contribution) and gluon 
initiated processes are same. In addition, the interference term, being negative reduces 
the contribution coming from quark anti-quark channel. Notice that there is no such 
contribution from the spin-0 unparticle. 

In FiglHl we show the variation of the invariant mass distribution with respect to the 
scaling dimension du of the scalar and tensor unparticle operators, for Au = 1 TeV. As 
expected, we find that the unparticle effects show up significantly when the value of du 
decreases. When djj is around 1.9, the unparticle effects are completely washed away. 
The interference term in the spin-2 unparticle case gives large negative contribution only 
in the region where du is less than 1.3 (see Fig. [1]). 

We have also studied the effects of and A^ variations on the distributions. They 
are shown in Fig. H] for du = 1.01. From Fig. [3] and Fig. HI we see that in the region 
where du is below 1.1 and A^ above 0.6 the scalar unparticle contribution is substantial 
even at low energies. 

The invariant mass distribution for a higher value of the scale An = 2 TeV is plotted 
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Figure 2: The contribution of the various sub processes to the di-photon production in 
the invariant mass distribution via scalar (left) and tensor (right) s-channel processes, 
with (Ik = 1.01 and Ay = 1 TeV. The scalar and tensor couplings are taken to be 
Xs^t = 0.9. We imposed an angular cut | cos < 0.8 on the photons to suppress the 
SM background. 

in Fig. [5] for various values of and du. Due to the factor A^'^" in Eqs. (!8|9|) the cross 
sections are suppressed as we increase Au. In the rest of the paper, we choose = 0.6, 
Xt = 0.9, du = 1.01 for A^^ = 1 TeV to study other distributions. 

2.2 Angular distribution 

The angular distribution da/dcos 9* is studied in the center of mass frame of the final 
state photons. The angle 6* is defined by 

COS = — , (11) 

where ps and are the final state photon momenta. The distributions are plotted in 
the range —0.95 < cos 9* < 0.95 for both spin-2 and spin-0 cases. We take du = 1.01, 
A^^ = 1 TeV, Xt = 0.9, 0.4 and A^ = 0.6, 0.4. This angular distribution is computed in the 
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Figure 3: Invariant mass distribution plotted for different values of du for spin-0 (left) 
and spin-2 (right) with Au = I TeV and A^, A* = 0.9, with an angular cut on the photons 
I cos < 0.8. 

region where Q between 600 GeV and O.dAu contributes. In this region, the unparticle 
effects are expected to be large. 

The angular distributions for both spin-2 and spin-0 are given in Fig. El These 
distributions for spin-2 and spin-0 differ both in magnitude and in structure. For spin-2 
case with A^ = 0.9, we find that the unparticle effects show up significantly. While for 
Xt = 0.4, the negative interference term dominates over the pure unparticle contribution 
bringing down the distributions. On the other hand, the scalar unparticle contribution 
for this choice of parameters is significant for both As = 0.4, 0.6. 

2.3 Rapidity 

In this section, we consider the rapidity distributions of the di-photon system [da/dY) 
as well as of individual final state photons (da/dy^). Rapidity of the di-photon system 
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Figure 4: Invariant mass distribution is plotted for various values of the coupling 
and Xt for spin-0 (left) and spin-2 (right) respectively with An = 1 TeV and du = 1.01, 
with an angular cut on the photons |cos < 0.8. 

is defined as 

y = iiog(^). (12) 

2 \pi.qj 

here q = Ps + For the rapidity distributions of the individual photons, we have to 
replace q in the above equation by their momenta. 

We have presented the rapidity distributions of di-photon system for both SM + 
scalar unparticle and SM + tensor unparticle in Fig. [71 We have chosen du = 1.01 and 
Ak = 1 TeV. We find that the deviation from the SM is large in the central region (Y=0). 
For the spin-0 case and for both the choices As = 0.6 and 0.4, the unparticle effect is 
quiet large whereas for the spin-2 case, this is true only for larger A^. 

We have presented the rapidity of the individual final state photons including the 
unparticle contributions in Fig. [8] for du = 1.01 and Ak = 1 TeV. The scalar unparticle 
contribution with A^ = 0.6 is again large in the central region whereas for the tensor 
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Figure 5: Invariant mass distribution dcr/dQ for the di-photon production with = 0.6 
and Xt = 0.9 for = 2 TeV for both du = 1.01 and 1.2. We have imposed an angular 
cut I cos < 0.8 on the photons. 

unparticle case to see the larger effect Xt has to be closer to 1. For smaller values of Xs,t, 
that is below 0.4, the effects are unnoticeable. 

3 Conclusions 



In this paper we have studied the effects of scalar and tensor unparticles on the di- 
photon production at the LHC. Various kinematical distributions are analysed to see 
their effects. The spin-0 and spin-2 unparticle effects could be clearly distinguishable 
from SM background differing by around an order of magnitude in most of the distri- 
butions that we have considered. We have essentially three unknown parameters in this 
model, namely the scale A^, the scahng dimension d^ and the coupling A^. The impact 
of these parameters on these distributions is studied in detail. We find that the effects of 
scalar unparticle (Fig. H]) with the coupling A^ closer to 1 emerge even at lower energies. 
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Figure 6: Angular distributions da/dcos 6* of the photons for spin-0 (left) and spin-2 
(right) with Au = 1 TeV and du = 1.01. We have taken couplings = 0.6, 0.4 and and 
Xt = 0.9, 0.4 integrating Q in the range 600 GeV <Q < 0.9Au. 

We have chosen below 0.6 for du = 1.01 and An = 1 TeV for our analysis. In case, 
the nature has both scalar and tensor unparticles, our results can give cross sections 
without any further work as these two do not interfere. We conclude by noting that the 
di-photon production can be used to unravel various effects coming from this new model 
with unparticles. 
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Figure 7: Rapidity distributions da/dY of the di-photon system for spin-0 (left) and 
spin-2 (right) with = 1 TeV and du = 1.01. We have taken the couphngs to be 
A, = 0.6, 0.4 and At = 0.9, 0.4 with Q in the region 600 GeV <Q < 0.9Aw. 
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